A new 3,4-disubstituted-1,8-naphthalimide derivative H1 was designed and synthesized as a selective fluorescent probe for Cu 2+ over miscellaneous metal ions in aqueous media. Upon mixing with Cu 2+ in CH 3 OH:H 2 O (1:1, volume ratio), the increase of fluorescence intensity and a bathochromic shift of absorbance of H1 could be observed with a notable color response (changing from yellow to pink). Furthermore, Cu 2+ coordinates to the probe H1 and a 1:1 metal-ligand complex was formed.
I. INTRODUCTION

Cu
2+ is not only a significant metallic pollutant, but also an essential element for living organisms [1, 2] . And it plays an important role in many fundamental physiological processes in organisms from bacteria to mammals [3] . But alterations in the cellular homeostasis of copper ions are related to many serious human afflictions including neurodegenerative diseases [4] such as Menkes and Wilson diseases [5] , Alzheimer's disease [6] , familial amyotropic lateral sclerosis [7] , and prion diseases [8] . Thus, on-site and real-time detection and quantification of Cu 2+ is important to take advantage of its beneficial aspects while avoiding its toxic effects [9] .
In fact, a great number of techniques have been actualized to detect and analyze amounts of copper ions [10] , including fluorescence, UV-Vis absorption, atomic absorption, and inductively coupled plasma atomic emission spectroscopy. Among these techniques, fluorescent molecular sensing, which can convert molecular recognition into highly sensitive and easily detected fluorescence signals [11] , has received much attention in recent years because of their simplicity, high sensitivity, and real-time detection [12] . However, up to now, for most of the reported Cu 2+ fluorescent sensors, the binding of the metal ion causes a quenching of the fluorescence emission [13], due to its paramagnetic nature [14] . And only a few sensors in which the binding of a Cu
2+
ion causes an increase in the fluorescence have been reported [15] . So it is the most challengeable to develop simple-to-use, naked-eye and fluorescence enhancement probes for Cu 2+ . * Author to whom correspondence should be addressed. E-mail: ww.lihui@163.com
The naphthalimide moiety has been widely used as a fluorophore for the design of functional supermolecules, due to its high absorption coefficient, high fluorescence quantum yield and high photostability [16] . Various derivatives of 4-amido-1,8-naphthalimide have been mainly studied [17] . And, disubstituted-1,8-naphthalimide [18] derivatives have been developed as a useful platform to construct various fluorescent probes for metal ions, because it possesses a relatively rigid and nice cation binding pocket composed of two nitrogen fragments [19] , intrinsic cationinduced deprotonation of the N−H fragment [20] and the tunable selectivity through changing the type and amount of substituted amine [21] . Most of the reported disubstituted-1,8-naphthalimide fluorescent probes are basically 4,5-disamido-1,8-naphthalimide derivatives [22] . Due to the similar spatial structure of 3 and 4 positions of 1,8-naphthalimide to 4 and 5 positions of 1,8-naphthalimide, the performance of 3,4-disubstituted-1,8-naphthalimide is the same as that of 4,5-disubstituted. But there were only a few research and reports about 3,4-disubstituted-1,8-naphthalimide fluorescence probes [23] . In this work, probe H1 was designed and synthesized based on 3,4-diaminosubstituted-1,8-naphthalimide, which was expected to possess excellent performance.
II. SYNTHESIS
The synthesis route of H1, a 3,4-disubstituted-1,8-naphthalimide derivative, is shown in Scheme 1. in 5 mL dry DMF, then stirred for 24 h at room temperature under nitrogen and monitored by thin layer chromatograph. After the reaction was completed, the reaction mixture was poured into the ice water, filtered, and dried to get the red-brown solid. The crude product was purified by flash chromatography on silica (CH 3 Cl:CH 3 OH, 20:1, volume ratio), which afforded compound 2 as a red-brown solid (300 mg, 85.0% Compound 2 (271 mg, 0.574 mmol) was dissolved in 8 mL hydrochloric acid and 20 mL anhydrous alcohol, after which SnCl 2 ·H 2 O (520 mg, 2.305 mmol) was added within half an hour. The reaction mixture was stirred at 40−50
• C water-bath for 2 h under nitrogen and monitored by TLC. After the reaction was completed, the solvent was removed under reduced pressure. The crude product was then purified by flash chromatography on silica (CH 
III. RESULTS AND DISCUSSION
A. pH-titration and spectral responses Fluoroionophores are usually disturbed by a proton in the detection of metal ions. Thus, the influence of pH on the fluorescence of H1 was first determined by fluorescence titration in methanol-water (1:1, volume ratio) solutions. The fluorescence of H1 at 460 nm remains unaffected between pH=9.8 and 4.5 and then gradually decreases from pH 4.5 to 1.8. The fluorescence quenching was most likely caused by the protonation of 3-NH 2 of the 3,4-diamine-1,8-naphthalimide chromophore and the photoinduced electron transfer (PET) from the fluorophore to protonated quinoline [25] . de Silva found the similar phenomenon in the design of an "off-on-off" fluorescent PET sensor [26] . Therefore, further fluorescence studies were carried out at pH=7.07 maintained with 10 mmol/L of HEPES buffer.
B. Cu 2+ -titration and spectral responses
The emission spectra of H1 and its fluorescence titration with Cu 2+ were recorded in HEPES buffer solutions (0.01 mol/L, pH=7.07) (Fig.2) . When excited at 350 nm, the fluorescence intensity at 460 nm increased gradually with the sequential addition of Cu 2+ . However, there was no wavelength change in the emission spectra. The fluorescence intensity changed at 460 nm as a function of the amount of Cu 2+ (Fig.2(b) ), and it could be estimated that the stoichiometry of H1 with Cu 2+ is 1:1 in buffer solution. The quantum yield of H1-Cu 2+ complex is 0.025 at 460 nm (λ ex =350 nm) when combining the solution of probe H1 with 1 equiv. Cu 2+ in pH=7.07 buffered solution. Free H1 showed a broad absorption with a maximum at 430 nm (Fig.3) . Upon addition of Cu 2+ , the intensity of absorption band at 440 nm decreased and two new stronger absorption bands at 300 and 540 nm were formed and developed, which led to a large 100 nm red shift in absorption from 440 nm to 540 nm with two clear isosbestic points at 470 and 330 nm, and a color change from yellow to pink which was clearly evident to the naked eye. Figure 3(b) exhibits the dependence of the intensity ratios of absorption at 540 nm to that at 440 nm (A 540 /A 440 ) on Cu 2+ , which indicates the formation of a H1/Cu 2+ adduct of 1:1 stoichiometry, with an association constant of K a =2.56×10
5 mol/L.
C. Influence of pH on H1/Cu 2+ adduct and spectral responses
To further evaluate the effect of pH on the H1/Cu hardly changed, which demonstrated that the probe H1 could detect Cu 2+ during such a wide pH range from 4 to 10.
D. The responses of H1 to various metal ions
The fluorescence titration of H1 with various metal ions was conducted to examine the selectivity, as shown in Fig.5 and Fig.6 . Only Cu 2+ induced a notable color response (changing from yellow to pink) in buffer solution, while other cations did not give rise to any response (Fig.6 ). As shown in Fig.5(a) , there was no response of H1 to other heavy metal ions and alkaline ions except Cu 2+ ions. The control experiments were conducted in the presence of 1.0 equiv. H1 mixed with 5.0 equiv. various metal ions. As shown in Fig.5(b 
IV. CONCLUSION
We have described a simple and easy-to-prepare fluorescent probe H1 for Cu 2+ based on 3,4-disubstituted-1,8-naphthalimide. Probe H1 displays high selectivity and sensitivity for Cu 2+ with fluorescence enhancement, a large red-shift (100 nm) in UV/Vis and a color change from yellow to pink which was clearly evident to the naked eye in neutral aqueous buffer solution, attributed to the Cu 2+ -induced deprotonation of the amines directly conjugating with the 3,4-diamine-1,8-naphthalimide chromophore. These results made H1 serve as a naked-eye, dual-channel responsive fluorescent probe for Cu 2+ . Moreover, it could work over a wide pH range from 4.0 to 10.0, which was important to use in practical view. We anticipate that the design strategy and remarkable photophysical properties of the probe would help to extend the development of 3,4-disubstituted-1,8-naphthalimide fluorescent probes.
